We fabricated self-assembled one-dimensional a-FeSi 2 magnetic nano-stripes, using solid phase epitaxy of $1 monolayer Fe on vicinal Si(111) surfaces followed by a 550 C annealing. Structural and magnetic properties were investigated by scanning tunneling microscopy and superconducting quantum interference device magnetometry, respectively. The nano-stripes show superparamagnetism at room-temperature and at 4 K coercivity about 3 times higher along the long nano-stripe ½11 2 direction than along the perpendicular ½ 110 one. The calculated magnetic moment at 4 K was $3.3 l B /Fe atom, implying a significant ferromagnetic coupling of the Fe atoms in the system. Such nano-stripes may be useful in high-density magnetic memory storage and spintronics devices. The interest in magnetic nanostructures (MNS) is sparkled mostly due to the fascinating possibility of tailoring-on-demand MNS arrays of arbitrary shape (dots, rods, wires, rings, spheres, disks, stripes, and so forth) for enhancing the data storage capacity of magnetic disk drives and spintronic nano devices. [1] [2] [3] [4] [5] [6] Reduced crystal size, and often dimensionality, may lead to unique structural and physical properties, quite different from those in the bulk state. [1] [2] [3] [4] [5] [6] [7] [8] Tight dependence between the nanostructure structural (crystalline, shape, surface, etc) anisotropy and complex anisotropic behavior of its magnetic properties, facilitate ongoing research effort aimed at fabrication, measurements, and understanding the overall physics and materials science of one-dimensional (1D) nanostructures, including magnetic nano-stripes (MNSt), [9] [10] [11] [12] [13] where various anisotropies can be significant and in competition with one another. [14] [15] [16] [17] Thus, in principle, one should be able to tune magnetic behavior of a nanostructure array by modifying the mean size and shape of the individual nanostructures in the array and/or their number density and geometrical arrangement. Although due to low dimensionality of the MNS, their magnetic domains are considerably smaller than in their bulk counterparts, the minimal domain size is restricted by the domain wall energy cost, which might eventually outweigh the magnetostatic energy gain. In other words, the balance between the domain wall energy and the magnetostatic energy term determines the critical single-domain size, which typically lies in a 10 nmÀ100 nm range, with elongated MNS tending towards the higher end. 18 Consequently, the magnetic behavior of such MNS can be reasonably well described by a single-domain approximation, with all the unit moments rigidly aligned to form a single giant spin and a superparamagnetic response. 18 In realistic nanocrystals, the magnetic response depends not only on composition and size, but also on the crystalline perfection and presence of structural defects. 19 For example, Fe-silicides, depending on their composition and crystalline phase structure, can be semiconducting, metallic and/or ferromagnetic and, as such, offer a large variety of potential applications when integrated into silicon-based device technology. 2, [20] [21] [22] [23] [24] Recently, it has been reported by us 25 and other groups, 7, 26 that Fe-disilicide nanostructures can exhibit superparamagnetism (SPM), although no magnetic ordering takes place in the bulk of any Fe x Si 1Àx phase with x < 0.5.
While state-of-the-art e-beam or scanning probe lithography combined with template-assisted growth can produce well-defined and reproducible structures down to the nanometer scale, these methods are often slow, complicated, and expensive to the extent that renders mass production challenging. [27] [28] [29] The alternative bottom-up approach is based on self-assembled nanostructure growth by various physical or chemical methods, driven towards equilibrium shapes and configuration by thermodynamics, which may further facilitate self-organization into ordered geometrical patterns. 30 The long, straight, and regular steps and stepbunches on vicinal surfaces provide a natural template for island nucleation. 31 In particular, structural characteristics and periodicity of straight step-bunches on vicinal Si(111) surfaces can be reasonably well controlled, by first selecting the desired miscut angle, and then by varying the magnitude and direction of the heating current during preparatory hightemperature flashes. 32, 33 Self-ordering (SO) by a step-bunch decoration mechanism has been reported for CoSi 2 , 34, 35 TiSi 2 , 36 MnSi 2 , 37 and FeSi 2 nanoislands. 23, 25 In our previous work, we demonstrated turning of an a priori non-magnetic a-FeSi 2 into superparamagnetic, when in the form of self-ordered nanoislands along the step-bunch edges of vicinal Si(111) substrate. 25 The goal of this work was to explore the possibilities for further tuning of the magnetic properties of the same a-FeSi annealing treatment regime, we caused coalescence of the SO a-FeSi 2 MNS along the vicinal Si(111) step-bunches into longer MNSt. Profound shape anisotropy induced significantly higher coercivity at 4 K along the long ½11 2 (easy-magnetization) MNSt axis, than along the perpendicular ½ 110 one. Although there have been a few reports on nano-stripes, [9] [10] [11] [12] [13] we believe this report sheds light on magnetic a-FeSi 2 nanostripes. Fe-silicide and other nano-materials with magnetic properties uniquely defined by their size, shape, and ordering, pave the way to utilization in high-density magnetic memory storage devices and spintronics. [5] [6] [7] 24 The Fe-silicide nano-stripes were grown on 4 -miscut vicinal Si(111) wafers, in an ultra-high vacuum (UHV) variable-temperature scanning tunneling microscope (VT-STM) by Omicron Nanotechnology GmbH, equipped with low-(LEED) and reflection high-(RHEED) energy electron diffraction. In UHV (base pressure 1 Â 10 À8 Pa), after thorough degassing, the oxide was evaporated by repeated flashes at 1150-1200 C, and the clean Si surface slowly cooled until well-ordered (7 Â 7) reconstruction appeared in diffraction and STM. Fe was e-beam evaporated from a pure iron wire at RT onto that Si(111) surface mounted in the VT-STM stage, followed by STM analysis of the unreacted Fe agglomerates for coverage estimation, and then by a continuous in-situ 1-h 550 C anneal (unlike in the previous work, where the annealing was interrupted after every 50 C to study the surface evolution 25 ). The coverage in equivalent monolayers (ML's) of Fe, was estimated by calculating the number of atoms contained in the as-deposited Fe agglomerates at RT, counted and analyzed by a commercial SPIP software (by Image Metrology), and normalizing to the % area covered and to the atomic density of a single Fe ML (0.7 Â 10 15 atoms cm À2 ). Using this procedure, the coverage was found to be $1.2 ML Fe. STM images were acquired using tunneling conditions of 0.1 nA < I < 0.2 nA and À3.0 V < V < þ3.0 V in a constant-current mode and shown as current (I-rather than z-) images. All the RHEED patterns shown here were acquired at 20 kV with an incident beam along ½ 110 (though additional azimuths were inspected as well), and all the LEED patterns shown here were acquired in the 85 Ä 95 eV range. In-plane magnetic measurements were conducted using a Quantum Design MPMS XL5 superconducting quantum interference device (SQUID) magnetometer along the sample length and width. Figure 1 shows the initial and the final states of the solid phase epitaxy (SPE) experiment, where STM, ½ 110 RHEED, and LEED patterns from the as-deposited Fe/Si(111) surface are shown in Figs. 1(a)-1(c) , respectively, and Figs. 1(d)-1(i) show the very same patterns from that surface after a 550 C anneal. As evident from Fig. 1(a) , the as-deposited Fe ad-atoms covered the entire surface so densely, that the Si(111)-(7 Â 7) reconstructions no longer appeared in STM and diffraction, with only diffused (1 Â 1) pattern in RHEED [ Fig. 1(b) ] and LEED [ Fig. 1(c) ]. However, after an hour at 550 C, the spherical Fe protrusions were replaced with elongated polyhedral islands (hereafter MNSt), extending along the Si(111) step-bunch edges [ Fig. 1(d) ]. The corresponding RHEED and LEED patterns sharpened accordingly, and exhibited complex superlattice structure found at the surface. The c(4 Â 8) reconstruction was found between the MNSt islands, intermixed with occasional Si(111)-(7 Â 7). The p(2 Â 2) reconstruction was found on top of the MNSt islands [ Fig. 1(i) ], just as on top of the discrete a-FeSi 2 MNS in our previous report. 25 The facet angles and structure were also identical to those a-FeSi 2 MNS, so it could be concluded that the crystal phase of the MNSt islands in this work was a-FeSi 2 . [The Si(111)-(7 Â 7) regions were apparently too few and sparse to contribute enough intensity to be visible in the diffraction patterns]. The c(4 Â 8) unit cell is outlined in the inset of Fig. 1(g) . It consists of alternating ½ 110 rows of bright protrusions of uniform height [green line in the inset of Fig. 1(g ) and green height profile in Fig. 1(h) ] and periodically varying by $0.02 nm bright-dark protrusion rows [purple line and height profile in Figs. 1(g) and 1(h) , respectively], in agreement with well-documented emptystates STM images. 22, 38, 39 The SO MNSt in this work exhibited morphological and structural characteristics similar to those of SO MNS in our previous work, 25 including identical side facets, typical and almost constant mean width ($55 nm) and height ($3.7 nm), and well-known finger-print p(2 Â 2) reconstruction of the top a-FeSi 2 island facets. 2, [40] [41] [42] [43] The only visible difference between the two was the length of the MNSt [some as long as 600-700 nm, see Fig. 1(d) ]. As they also decorated the Si(111) step-bunch edges, their principal formation and SO mechanism, namely preferential Fe-Si reaction at the step edges, 25, 34, 36 must have been the same as well. Since the substrate, deposition parameters, and initial Fe coverage were also identical in these two cases, the morphological difference (i.e., long vs. short islands) could only follow from a different annealing procedure. Although both were heated to 550 C, in the previous work the temperature was ramped in steps of 50 C, with long breaks between successive steps for surface analysis at every temperature. This time the temperature was ramped to 550 C at once and held for 1 h, likely affecting the kinetics. For example, one could argue that this type of uninterrupted annealing increases the ad-atom mobility and the ease of motion towards and along the step-bunch edges, thus allowing formation of longer islands (stripes), and/or easier coalescence between them, as implied by the MNSt meandering appearance.
Magnetic properties of MNS were investigated by recording in-plane magnetization reversal loops at various temperatures, ranging from RT (300 K) to 4 K, using SQUID magnetometry. To obtain angular dependence of the magnetic response, the external magnetic field was applied along two principal crystallographic directions pertinent to this sample: the Si ½11 2 (step-edge and MNSt long axis direction) and ½ 110 azimuth (across terraces and the MNSt). The resulting in-plane temperature-and angle-dependent magnetization reversal loops, normalized to the respective saturation magnetic moments (M s ), are shown in Figs. 2(a) and 2(b) . The RT in-plane magnetization reversal loop showed almost no coercivity with a saturation magnetization field of $4.5 kOe (saturation magnetic moment, M s ¼ 330 emu/g Fe). However, the coercivity increased considerably on cooling down to 150 K (35 Oe) and even more so at 4 K (212 Oe), exhibiting a classical ferromagnetic behavior and indicating an overall SPM character of the system, with almost no coercivity at RT and a ferromagnetic-like response at 4 K [see Fig. 2(a) ]. These findings are in accord with a few other reports on SPM in nanostructure arrays, by us 25 and other groups. [44] [45] [46] [47] As expected from the model of the shape-induced inplane azimuthal alignment of the magnetic moments (generated by Fe-rich defects in a 1D chain-like fashion along the MNSt length 7, 25, 26 ) , the coercivity at 4 K along the long MNSt ½11 2 axis was significantly higher than in the perpendicular ½ 110 direction [see Fig. 2 ]. The fact that it was indeed more than three times higher (212 Oe vs. 62 Oe) supports the proposed 1D alignment model. 25 Moreover, such an anisotropic coercivity is in good agreement with the findings of other groups, that found three to four times higher coercivity values along ferromagnetic nano-wires than across them. 48, 49 Contrary to the intuitive expectations of higher coercivity in longer structures, the net coercivity of the MNSt here was by an order of magnitude smaller than in the previous MNS case. This apparent discrepancy can be understood in the realm of destruction of the magnetic moment alignment not in the 1D p(2 Â 2)-reconstructed MNSt themselves, but in the c(4 Â 8) silicide phase, dispersed in the shape of 2D patches between the MNSt [see Fig. 1(g) ]. In those 2D patches, the magnetic moments are not 1D constrained, and hence can freely assume any random 360 orientations within the plane. Consequently, only those moments with orientations close to the direction of the field applied parallel to the long ½11 2 MNSt direction will align themselves accordingly, with the rest opposing and destroying the natural reversal mechanism and reducing the net coercivity.
FIG. 2. (a)
In-plane temperature-dependent magnetization reversal loops recorded in a 300 K-4 K range, with external magnetic field applied along Si ½11 2 crystallographic direction, parallel to long axis of the a-FeSi 2 nanostripes (see Fig. 1 ). Note the increasing coercivity upon cooling, in particular, at 4 K (blue curve). (b) Angle-resolved magnetization reversal loops acquired at 4 K with external magnetic field along Si ½11 2 (blue) and ½ 110 (red) directions. Note the difference in coercivity between the two curves (blown-up in the inset).
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Tripathi, Markovich, and Goldfarb Appl. Phys. Lett. 102, 251604 (2013) We calculated the number of Bohr magnetons per Fe atom from in-plane magnetization reversal loop at 4 K, using the equation n B ¼ M S l B N , where Ms, l B , and N correspond to the saturation magnetization, Bohr magneton, and total number of Fe atoms deposited on the surface, respectively. Our calculations show an extraordinarily large net magnetic moment of $3.3 l B /Fe atom, implying a significant ferromagnetic coupling of the Fe atoms in our system, and a magnetic response of the 1D a-FeSi 2 MNSt arrays which is different from the non-magnetic a-FeSi 2 bulk phase. Similarly high magnetic moments, up to 3.5 l B /Fe atom, have also been reported by others, e.g., in Fe-nitrides. 50, 51 Finally, shape anisotropy in magnetic nanostructures plays a key role in determination of their magnetic state, and if it exceeds the intrinsic (magnetocrystalline) magnetic anisotropy (MAE, K u ), it can dominate the magnetic behavior of the entire system. 5, 6, 52 Therefore in the present case, due to the large shape anisotropy of the MNSt, the shape MAE (K s ) indeed dominates the effective MAE ( ). Similar findings in planar nano-wires of Co on Si templates have been reported by Arora et al., 52 where they observed more than one order of magnitude higher shape MAE than the magnetocrystalline MAE contributions.
We have grown self-organized one-dimensional a-FeSi 2 magnetic nano-stripes, by preferential Fe decoration and Fe-Si reaction at the step-bunch edges of vicinal Si(111). The key element for this kind of self-ordering is a meticulous control of the initial Fe coverage, which should be very low ($1 ML), and a prolonged continuous annealing at $550 C is required to form long nano-stripes rather than compact islands. In-situ STM monitoring was very instrumental in achieving such a meticulous control.
In-plane temperature-and angle-dependent magnetization reversal loops in SQUID magnetometry measurements revealed room-temperature superparamagnetism and yet highly anisotropic coercivity at 4 K; about three times higher along the long axis of the nano-stripes (our vicinal Si ½11 2 step-edge orientation) than in the perpendicular (½ 110) direction. The calculated total magnetic moment at 4 K was found to be anomalously high ($3.3 l B /Fe atom). Highly anisotropic coercivity along the equally anisotropic nano-stripe length, combined with such a high total magnetic moment of the system, could be accounted for in the realm of chain-like ferromagnetic alignment and coupling of the moments generated by local excess Fe defects one-dimensionally confined inside the flat a-FeSi 2 nano-stripe islands. 25 Somewhat counterintuitively, the net coercivity value was lower than in the more compact a-FeSi 2 nano-islands in our previous work. 25 We believe that the randomly in-plane oriented magnetic moments inside two-dimensional c(4 Â 8) silicide patches, that were found by our STM observations to occupy significant portions of the surface between the p(2 Â 2)-reconstructed nano-stripes, may have caused misalignment and decoherence of the superposed magnetic moments, and reduction of the overall coercivity value.
This work demonstrates that intriguing and technologically important physical properties, different from those in traditional bulk materials, can be obtained in artificially created nanomaterials: in this example superparamagnetic silicide, which is not at all magnetic in the bulk.
